longer telomeres than the original CTL, iPSC-derived CTL are functionally rejuvenated T cells (rejT). 17 The rejT that we generated have strong anti-tumor effects against EBVinfected lymphoblastoid cells (LCL) in vivo and in mice they confer a survival advantage compared to mice treated using original CTL. 19 Hence, rejT therapy directed against LMP1 and LMP2 is expected to be useful as a salvage therapy for ENKL in which SMILE has failed.
Another factor in ENKL prognosis is the PD-1 pathway for immunoevasion. [21] [22] [23] EBV-associated lymphoma cells often express the PD-1 ligand (PD-L1). [24] [25] [26] The complete remission (CR) rate is high after PD-1 blockade with pembrolizumab in ENKL in which L-asparaginase therapy has failed. 27 We sought to demonstrate the effectiveness of rejT therapy targeting ENKL. We also investigated additive antitumor effects of PD-1 blockade in conjunction with rejT therapy. Both rejT and original CTL showed robust tumor-suppressive effects against ENKL in vitro and in vivo. However, only LMP2-specific rejT significantly prolonged long-term survival in ENKL-bearing mice. This effect was so strong that any additive anti-tumor effect of PD-1 blockade was overwhelmed. LMP1-and LMP2-specific rejT therapy seems a promising salvage therapy for ENKL refractory to SMILE.
Methods
More detailed information can be found in the Online Supplementary Data.
Patients and samples
We reviewed 28 biopsy samples from 24 patients diagnosed with ENKL at the Juntendo University School of Medicine, Department of Hematology, between 2006 and 2017. The use of the material and clinical information was approved by the Research Ethics Committee for the Faculty of Medicine, Juntendo University, and was in accordance with the Declaration of Helsinki.
Immunohistochemical staining
Tissue samples were fixed in formalin and embedded in paraffin. Anti-PD-L1 rabbit monoclonal antibodies (EPR1161 [2] ; 1:200 dilution; ab174838, Abcam, Cambridge, MA), anti-PD-1 mouse monoclonal antibodies (NAT105; 1:100 dilution; ab52587, Abcam), and anti-CD3 rabbit monoclonal antibodies (SP7; 1:50 dilution; ab16669, Abcam) were used for immunostaining.
Generation of LMP1/2-specific CTL and establishment of T-iPSC
LMP1/2-specific CTL were generated using peripheral blood mononuclear cells (PBMC) obtained from two human leukocyte antigen (HLA)-A*2402-expressing healthy donors and one HLA-A*0201-expressing ENKL patient. Selected clones were transduced with Sendai virus vectors to establish T-iPSC.
T-cell differentiation from T-iPSC
To differentiate human iPSC into hematopoietic cells, small clumps of iPSC were transferred onto C3H10T1/2 cells. Hematopoietic cells collected from iPSC sac contents were transferred onto DL1/4-expressing C3H10T1/2 feeder cells. T-lineage cells were then harvested and stimulated. The antigen specificity of LMP1/2-specific rejT was determined by staining with LMP1/2 tetramer.
Cell lines
ENKL cells (NK-YS and SNK-6 lines) were grown in Iscove's modified Dulbecco's medium supplemented with 10% fetal bovine serum (FBS) and 100 U/mL of interleukin-2 (IL-2) and in NS-A2 (GreenDay) supplemented with 100 U/mL of IL2, respectively. 4,28 51 Cr release assays Cytotoxic specificity of EBV-CTL and EBV-rejT directed at LMP1/2 antigen was analyzed in a standard 4-hour 51 Cr-release assay at different effector : target ratios (E:T; 40:1, 20:1, 10:1 and 5:1) and using a γ counter (PerkinElmer, Waltham, MA). 29 To elucidate whether PD-L1 blockade can enhance the killing potential of EBV-CTL and EBV-rejT against ENKL, NK-YS cells were cultured with 10 mg/mL of anti-PD-L1 antibody (Ultra-LEAF TM purified anti-human CD274, BioLegend) for three days preceding the assay.
Antitumor activity in vivo model
To evaluate the antitumor effects of LMP2-CTL and LMP2-rejT against ENKL, cells from an HLA class I-matched ENKL line, NK-YS, that had been transduced with a γ-retroviral vector encoding the fusion protein GFP/FFluc were sorted for GFP expression by flow cytometry. Six-week-old female NOD/Shi-scid, IL-2RγKO Jic (NOG) mice (In-Vivo Science, Tokyo, Japan) were engrafted intraperitoneally with NK-YS (1×10 5 cells/mouse) and tumor growth was monitored using the Xenogen-IVIS Imaging System (Xenogen, Alameda, CA, USA). Once a progressive increase of bioluminescence occurred, usually four days after tumor inoculation, mice were treated intraperitoneally with three once-weekly doses of 5×10 6 LMP2-rejT ± 50 mg of anti-PD-1 Ab or with 5×10 6 original LMP2-CTL ± 50 mg of anti-PD-1 Ab (In VivoMAb anti-h PD-1, BioXCell, West Lebanon, NH, USA).
PCR and sequencing
EBV strain typing of the NK-YS cells in ascites was performed by PCR using LMP2-specific primers 5'-TATGAATCCAGTAT-GCCTGC-3' and 5'-CGCAGTAAGCACTGTCACCG-3' as described 29 to detect LMP2 epitopes that are associated with HLA-A*2402.
Results

Distinct PD-L1 expression was significantly associated with poor prognosis in ENKL
To understand the microenvironment of ENKL cells, ENKL cells and tumor-infiltrating lymphocytes (TIL) were analyzed by immunohistochemical staining for PD-L1 and PD-1 receptor expression respectively. As EBV in situ hybridization demonstrated infection in all 28 cases, we initially expected high PD-L1 expression. However, the proportion of ENKL cells (PD-L1 expression ratio, lymphoma cell : macrophage) was 5-10% (+, positive) in only three samples, 2-3% (+/-, weakly positive) in seven, 1% (-/+, slightly positive) in one, and negative in 17 (Figure 1 A 
The presence of many PD-1-expressing TIL is associated with favorable overall survival (OS) in patients with diffuse large B-cell lymphoma. 26 It is noteworthy that PD-1 + TIL were rarely observed in ENKL, with only 1% of PD-1 + TIL seen in only two of 28 samples (Figure 1 C-D). Table 1 summarizes the characteristics of patients diagnosed with ENKL in our institute. Three patients whose lymphoma cells expressed PD-L1 (5-10%) were in stage IV Long-term eradication of ENKL by rejuvenated CTL haematologica | 2020; 105(3) (3 of 3). Of these, two were refractory to initial therapy. They survived for only one month (2 of 3) and 4 months (1 of 3). The lymphoma cells of these three patients did not express LMP1. Statistical analysis showed that distinct PD-L1 expression of ENKL was significantly correlated with poor prognosis (P=0.001). Even in advanced-stage disease, PD-L1 expression was significantly associated with poor OS (P=0.031) ( Figure 1E ). Another factor conferring poor OS in ENKL was the lack of LMP1 expression (P=0.009) ( Figure 1F ). Treatment with SMILE was associated with favorable OS in advanced-stage disease (P=0.008) ( Figure 1G ), whereas plasma EBV DNA positivity did not significantly affect OS in these ENKL patients (P=0.181) possibly due to the small number of EBV-DNA negative group ( Figure 1H ). Table 2 shows the results of cross-tabulation analysis of the correlations between PD-L1 expression and variables including age, sex, clinical stage, EBV DNA titre, SMILE history, CR, and LMP1 haematologica | 2020; 105(3) In ENKL cells, lack of LMP1 expression was significantly correlated with PD-L1 expression. These analyses revealed that distinct PD-L1 expression by ENKL was strongly associated with poor prognosis. CTL therapy directed at LMP1/2 and combined with PD-1/PD-L1 axis blockade is therefore suggested as useful for the treatment of refractory ENKL.
Both LMP1-specific and LMP2-specific rejT showed strong cytotoxicity against ENKL in vitro
To examine the cytotoxicity of EBV-specific rejT against ENKL, we first determined the HLA type of the ENKL cell line NK-YS (HLA-A*2402) and SNK6 (HLA-A*02). A*2402-and A*0201-restricted LMP1/2-specific CTL clones were generated from healthy donors expressing A*2402 and an ENKL patient (Pt) (Pt 6) who expresses HLA-A*0201. T-iPSC were established from these clones and were redifferentiated into rejT with antigen specifici-ties that matched those of the respective clones (Figure 2 A-B). We assayed the cytotoxicity of A*2402-restricted LMP2-rejT (TYGPVFMSL), A*0201-restricted LMP1-rejT (YLQQNWWTL), and A*0201-restricted LMP2-rejT (FLY-ALAL) against HLA-matched ENKL by 51 Cr release. Strong killing by A*2402-restricted LMP2-rejT was shown against HLA-A*2402 + NK-YS cells (85.3%, 84.7%, 85.2%, and 83.7%; effector : target [E:T] ratios of 40:1, 20:1, 10:1 and 5:1), but not against HLA-A*2402tumors (18.4%, 4.8%, 1.9%, and 2.4%; E:T ratios of 40:1, 20:1, 10:1 and 5:1). A*0201-restricted LMP1-rejTs also demonstrated strong cytotoxic activity against HLA-A*02 + SNK6 cells (72.0%, 69.9%, 70.4%, and 65.1%; E:T ratios of 40:1, 20:1, 10:1 and 5:1), but not against HLA-A*02tumors (-2.3%, -1.7%, 1.3%, and 4.8%; E:T ratios of 40:1, 20:1, 10:1 and 5:1). HLA-A*0201-restricted LMP2-rejT exhibited 76.6% and 24.7% killing at E:T ratios of 40:1 and 20:1 against HLA-A*02 + SNK6 cells, with 14.9% and 14.6% killing for HLA-A*02tumors. These results indicated that LMP1specific and LMP2-specific rejT generated from multiple donors, including an ENKL patient, had strong antigenspecific cytotoxicity against ENKL.
LMP1-specific and LMP2-specific rejT tended to show stronger cytotoxicity against EBV + tumor cells than the original CTL clone in vitro
We next compared rejT cytotoxicity against EBV + tumor cells with that of original CTL by 51 Cr release assay. A*2402-restricted LMP2-rejT generated from a healthy donor more efficiently killed autologous EBV-infected LCL (70.4% and 65.4%; E:T ratios of 20:1 and 10:1) compared to the original CTL clone (51.7% and 49.4%; E:T ratios of 20:1 and 10:1). A*0201-restricted LMP1-rejT generated from an ENKL patient showed somewhat stronger cytotoxicity against autologous EBV-infected LCL (90.3%, 90.0%, 77.8%, and 58.8%; E:T ratios of 40:1, 20:1, 10:1 and 5:1) than the original CTL clone (77.8%, 61.9%, and 43.8%; E:T ratios of 20:1, 10:1 and 5:1). The cytotoxicity of A*0201-restricted LMP2-rejT against autologous EBVinfected LCL (44.0% and 34.5%; E:T ratios of 40:1 and 20:1) was almost the same as that of the original CTL clone (40.4% and 33.7%; E:T ratios of 40:1 and 20:1). We further compared PD-1 expression of peripheral bloodderived original EBV-CTL and of rejT from the same LMP2-CTL clone, measured by flow cytometry: values were 15.3% for EBV-CTL and undetectable for rejT ( Figure 3B ). PD-L1 expression of ENKL cells, measured by flow cytometry, was 57.4% ( Figure 3C ). Although both LMP2-specific rejT and original LMP2-CTL (PYLFWLAAI) powerfully killed HLA class I-matched NK-YS cells, rejT cytotoxicity tended to be stronger (60.8%, 52.6%, 52.6%, and 40.1%; E:T ratios of 40:1, 20:1, 10:1 and 5:1 specific 51 Cr release, respectively) than that of the original CTL (59.7%, 50%, 40.9%, and 39.8%; E:T ratios of 40:1, 20:1, 10:1 and 5:1 specific 51 Cr release, respectively) ( Figure 3D ). To elucidate whether PD-L1 blockade can enhance the potential to kill ENKL of the original CTL that express PD-1 + and of rejT that do not express PD-1 -, ENKL cells were cultured with 10 mg/mL of anti-PD-L1 antibody for three days immediately preceding the assay. Anti-PD-L1 antibody did not clearly enhance killing by either PD-1 + original CTL or PD-1 -rejT ( Figure 3D ). Our results demonstrated definite cytotoxic activity against EBV-infected tumor cells in vitro for both EBV-specific original CTL and rejT, with cytotoxicity of rejT against ENKL cells stronger than that of original CTL and without killing enhancement in original CTL or rejT cultured with anti-PD-L1 antibody.
Robust anti-ENKL effect and marked survival improvement of LMP2-rejT in vivo
ENKL cells express not only PD-L1 but also PD-L2 ( Figure 3C ). Anti-PD-1 antibody that can block both PD-L1 and PD-L2 was thus potentially more effective than anti-PD-L1 antibody as therapy for ENKL. Using PD-1 blockade to observe whether EBV-specific rejT exert ENKL-suppressive effects in vivo and anti-PD-1 antibody has an additive antitumor effect, ENKL cells labeled with retrovirus-derived firefly luciferase were intraperitoneally engrafted into NOG mice (1x10 5 cells/mouse). Light emission was monitored as an indicator of tumor growth. Four days after tumor inoculation, these mice were divided into two control groups and four treatment groups. No treatment was given in one control group (n=6) and only anti-PD-1 antibody was given in the other (200 mg per dose, three doses) (n=6). The treatment groups consisted of mice treated with original LMP2-CTL (5x10 6 per dose, three doses) (n=6); mice treated with original LMP2-CTL and anti-PD-1 antibody (5x10 6 of original CTL and 200 μg of anti-PD-1 antibody per dose, three doses) (n=6); mice treated with LMP2-specific rejT (5x10 6 per dose, three doses) (n=6); and mice treated with LMP2-specific rejT and anti-PD-1 antibody (5x10 6 of rejT and 50 mg of anti-PD-1 antibody per dose, three doses) (n=5).
By day 21, bioluminescence had progressively increased in the control-group mice (no treatment, 176.8-fold, range 7.33-326.0; anti-PD-1 Ab, 53.3-fold, range 15.5-101.0) ( Figure 4A . These three-week observations in vivo demonstrated the tumor suppressive effects against ENKL cells of the original CTL treatment, with more pronounced antitumor effects of the rejT treatment. On long-term observation, original CTL did not prolong survival versus no-treatment controls (P=0.09). Treatment with rejT markedly prolonged survival (mean 239 days, 58-296 days) compared to treatment with original CTL (P=0.03, mean 74.5 days, 58-140 days), with original CTL with anti-PD-1Ab (P=0.01, mean 45.5 days, 34-98 days), and with no treatment (P=0.01) ( Figure 4C ). RejT with anti-PD-1 Ab also significantly improved survival (mean 134 days, 72-204 days) compared to treatment with original CTL with anti-PD-1 Ab (P=0.008) and with no treatment (P=0.004, mean 58 days, 42-84 days). No significant survival advantage was observed for the Long-term eradication of ENKL by rejuvenated CTL haematologica | 2020; 105(3) 801 combined use of anti-PD-1 Ab with either original CTL (P=0.13) or rejT (P=0.37). Collectively, although both original CTL and rejT exhibited strong anti-tumor effects against ENKL during the three-week observation period, only LMP2-rejT, whether or not anti-PD-1 Ab was given, distinctly improved long-term survival in ENKL-bearing mice.
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LMP2-rejT treatment completely eliminated ENKL and rejT persisted in long-term survivor mice
We euthanized mice engrafted with ENKL tumors and that had survived 211 days after the fisrt injection of LMP2-rejT ± anti-PD-1 Ab. The heart, lungs, esophagus, stomach, pancreas, liver, colon, kidneys, spleen, and bone Long-term eradication of ENKL by rejuvenated CTL haematologica | 2020; 105(3) 803 Days after T-cell transfer marrow from each mouse were histopathologically examined. All were tumor free in gross and microscopic analysis ( Figure 5A , upper row of panels). After only three rejT injections ENKL tumors were entirely extirpated. By contrast, tissues from a mouse injected with original CTL that died 58 days after the first injection were densely infiltrated by ENKL cells: original LMP2-CTL could not eradicate ENKL cells in vivo longterm. To determine whether injected rejT or original CTL persisted long-term, spleen sections were evaluated immunohistochemically. Spleens of euthanized mice that had been treated with rejT, with or without anti-PD-1 Ab, were well-populated by human CD3 + T cells. The spleen of the mouse treated with original CTL and dead at 58 haematologica | 2020; 105(3) 
B
A days, by contrast, contained many fewer human CD3 + T cells ( Figure 5A , lower row of panels). Flow cytometry also was used to detect LMP2-rejT in the peripheral blood of ENKL-bearing mice treated using LMP2-rejT and surviving long-term. LMP2-tetramer -expressing CD3 + human T cells were present. Among them were effector memory (CD45RA -, CD62L -) and central memory phenotype T cells (CD45RA -, CD62L + , CD27 + , CD95 + ) ( Figure  5B ).
Four of six mice that received rejT injections survived 182 to 296 days after treatment. Two relapsed, developing ascites before day 100. Tumor cells in ascitic fluid retained HLA class I expression ( Figure 6A ) without mutation in LMP2 ( Figure 6B ). Resistance to LMP2-rejT therapy in ascitic-fluid tumor cells was evaluated by 51 Cr release assay. EBV-rejT specific for LMP2 showed robust cytotoxicity (77%, 71.6%, 67.1%, and 51.2%; E:T ratios of 40:1, 20:1, 10:1 and 5:1 specific 51 Cr release, respectively) against ENKL cells in ascites ( Figure 6C ). These findings indicated that mutant ENKL cells did not appear after three rejT treatments and that the tumor cells had not developed resistance to LMP2-rejT therapy.
Discussion
We sought to verify that iPSC-derived rejT therapy specific to LMP1/LMP2 antigen would be an effective salvage therapy for refractory and relapsed ENKL. Although Lasparaginase is a key drug for ENKL 4 and L-asparaginasecontaining chemotherapies improve prognosis in advanced ENKL patients, 5, 6 tumor in about half of these patients resists L-asparaginase therapy or relapses after remission, resulting in a miserable clinical course.
Adoptive T-cell therapy using peripheral blood-derived EBV-specific CTL is clearly effective for EBV-driven lymphoproliferative diseases after hematopoietic stem cell transplantation. [11] [12] [13] [14] As these lymphomas develop in immunosuppressive situations and show type III latency, EBV-specific CTL adjuvant therapy can induce durable remissions. However, EBV-associated lymphomas showing type II latency, such as ENKL, Hodgkin lymphoma, and diffuse large B-cell lymphomas, are weakly immunogenic, with lymphoma cells that express only LMP1 and LMP2 antigens. 15 Therefore, EBV-CTL therapy targeting EBV-associated lymphomas with type II latency is more Long-term eradication of ENKL by rejuvenated CTL haematologica | 2020; 105(3) 805 challenging. Bollard and colleagues successfully demonstrated effective control EBV-associated lymphomas with either type II or type III latency using patients' own LMP1-and LMP2-specific T cells: among six NK/T cell lymphoma (EBV-infected) patients whose tumors had relapsed after standard chemotherapies and who had received LMP1 or LMP2-specific CTL, three remained in CR, with responses that were associated with percentages of effector and central memory LMP1-specific T cells in the infused population. 16 Functionally rejT differentiated from T-iPSC include younger phenotypes such as central memory and effector memory phenotypes and have longer telomeres and a stronger proliferation ability (100fold to 1,000-fold after T-cell stimulation) than original peripheral-blood derived CTL. [18] [19] [20] 30 Although the original CTL expressed PD-1 strongly, their redifferentiated LMP2-rejT descendants almost lacked PD-1 expression ( Figure 3C ). CTL generation from heavily treated patients is generally more difficult than from healthy donors because of T-cell exhaustion. Although CTL clones from an ENKL patient showed relatively strong cytotoxicity against EBV-infected autologous LCLs in vitro ( Figure 3A) , the proliferation ability of patient-derived CTL clones was lower than that of healthy donor-derived CTL clones, and much lower than that of rejT. LMP2-rejT had a distinct survival advantage in ENKL-bearing mice over original LMP2-CTL ( Figure 4C ). Histopathological examination revealed that LMP2-rejT completely eradicated ENKL and that LMP2-rejT persisted in the spleen of longsurviving ENKL-bearing mice, supporting our hypothesis that rejT contribute to ENKL eradication as long-lived memory T cells ( Figure 5A ). Furthermore, we actually confirmed the presence of central memory phenotype human T cells in the peripheral blood of a long-surviving ENKL-bearing LMP2-rejT treated mouse ( Figure 5B ). However, neither necrotic lesions nor features of activation of immune cells (which might lead to organ injury) were found in these long-surviving mice, suggesting that long-term persistence of rejT does not reduce safety in this in vivo model. As EBV-associated lymphomas express PD-L1 more strongly than lymphomas without EBV infection, [23] [24] [25] [26] we examined PD-L1 expression in ENKL cells. Our statistical analysis demonstrated that PD-L1 expression was clearly related to very poor prognosis in ENKL patients ( Figure  2A) . Therefore, we anticipated that blockade of PD-1 and PD-L1 engagement would reinforce the efficacy of treatments using EBV-specific CTL expressing PD-1 and possibly EBV-rejT not expressing PD-1 for PD-L1 -expressing ENKL. Contrary to our expectations, we could not observe clear treatment enhancement by anti-PD-1 Ab with either original EBV-CTL or EBV-rejT (Figure 4 B-C ), suggesting that PD-1 blockade is not necessarily required in treatment of ENKL with EBV-specific T cells. Anti-PD-1 Ab reportedly had no measurable effect on chimeric antigen receptor (CAR) T-cell expansion, persistence, or circulating cytokine levels when it was administered in combination with CAR T cells and lymphodepletion. 31 In our study, EBV-rejT alone effectively ablated ENKL in tumor-bearing mice, with such strong anti-tumor effects that any additive beneficial effects of anti-PD-1 Ab were unclear. Of relevance is that toxicities of anti-PD-1 Ab may have impaired survival: disruption of the PD-1/PD-L1 pathway can lead to imbalances in immunologic tolerance, resulting in unchecked autoimmune-like/inflammatory side effects. 32 By contrast, viral-specific antigen-specific CTL therapy is minimally toxic and does not harm healthy tissues. 16 We postulate that also EBV-rejT therapy is free from severe adverse events and suggest that it will be highly effective against ENKL when L-asparaginase therapy has failed.
EBV-rejT still exerted strong cytotoxic effects against tumor cells in ascites from mice with relapse after EBV-rejT therapy. These tumor cells maintained HLA class I expression and harbored no LMP2 mutations ( Figure 6 ). This suggests that EBV-rejT may not fully penetrate all areas of tissue metastasis. We did not administer cytokines such as IL-2, IL-7 and IL-15 to mice to avoid an artificial increase of the activity of ENKL cells in vivo, because even without cytokines ENKL cells rapidly proliferated in mice and the tumor signal progressively increased. Using cytokines, the expansion of rejT might be much stronger and the incidence of relapse might decrease. However, it is encouraging that even without cytokines, rejT were well activated by recognizing ENKL cells and showed strong cytotoxic activity against ENKL cells.
Our results collectively suggest that to treat relapsed and refractory ENKL using LMP1-and LMP2-specific rejT will be very useful, as large numbers of functionally rejuvenated LMP1-and LMP2-specific CTL can reliably be obtained from T-iPSC. The greatest advantage of rejT therapy is that once T-iPSC are established from an EBV-CTL clone, therapeutic T cells can be generated from T-iPSC in unlimited numbers. If patient tumor cells strongly express PD-L1, the associated poor prognosis should prompt caregivers to generate patient-specific EBV-rejT targeting LMP1 and LMP2 while SMILE therapy is administered. EBV-rejT can supply a reliable salvage therapy for refractory and relapsed ENKL in which L-asparaginase therapy has failed. To establish banks of T-iPSC directed against a variety of viral antigens and HLA types may ultimately provide effective "off-the-shelf" T-cell adoptive immunotherapy treatments against EKNL. The principle demonstrated here can be extended to other virus-induced tumors and neoantigens.
